Abstract The detection and profiling of microRNAs are of great interest in disease diagnosis and prognosis. In this paper, we present a method for the rapid amplification-free detection of microRNAs from total RNA samples. In a two-step sandwich assay approach, fluorescently labeled reporter probes were first hybridized with their corresponding target microRNAs. The reaction mix was then added to a microarray to enable their specific capture and detection. Reporter probes were T m equalized, enabling specificity by adjusting the length of the capture probe while maintaining the stabilizing effect brought about by coaxial base stacking. The optimized assay can specifically detect microRNAs in spiked samples at concentrations as low as 1 pM and from as little as 100 ng of total RNA in 2 h. The detection signal was linear between 1 and 100 pM (R 2 = 0.99). Our assay data correlated well with results generated by qPCR when we profiled a select number of breast cancer related microRNAs in a total RNA sample.
Introduction
MicroRNAs (miRNAs) are short non-coding RNA molecules of about 22 bases in length. Originally discovered in the early 1990s, miRNAs act as post-transcriptional regulators of gene expression in a range of animals, plants, protists, and in some viruses [1] . They predominantly act to decrease target mRNA levels and, therefore, associated protein levels [2] . Alterations in the expression (dysregulation) of miRNAs have been associated with a wide variety of diseases and are thought to play a role in most human malignancies [3] . There are numerous reports of disease-specific miRNA signatures and currently many of these signatures are being explored for their diagnostic predictive value (www.clinicaltrials.gov). Furthermore, miRNAs contribute to responses to drug therapy and are themselves modified by drug therapy [4] . Recent studies have shown that miRNAs can be released from cells (encapsulated in exosomes and/or bound to proteins and lipoproteins) and enter the circulation as a consequence of apoptotic and necrotic cell death, as well as active release [5] [6] [7] . These circulating miRNAs have been shown to be stable and highly resistant to RNAse mediated degradation [8] . Thus, extracellular circulating miRNAs may have potential as noninvasive diagnostic and prognostic indicators.
Methods to enable the high-throughput and accurate quantification of miRNAs are critical to facilitate their application in the diagnosis of disease. To date, three primary technical platforms for miRNA expression profiling have been developed:
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RT-qPCR [9] , deep sequencing [10] , and microarray technology [11] . With the reduction in cost, deep sequencing has an inherent advantage in that it enables the discovery of novel small RNAs. Whilst RT-qPCR is considered to be the gold standard for miRNA expression profiling, it and sequencing require enzymatic manipulation and amplification, which can lead to bias. Furthermore, the throughput of RT-qPCR is low given the ever increasing number of discovered miRNAs. Microarray technology is a powerful high-throughput tool that enables expression profiling of thousands of small non-coding RNAs simultaneously. Designing microarray probes to profile miRNAs is, however, challenging given their short length. The duplex melting temperature (T m ) of each known miRNA and its complementary DNA strand varies considerably, making signal normalization through the reduction in the length of some of the probes impossible. Several technical variants of miRNA arrays have been developed. The different approaches are based on parameters such as probe design, immobilization chemistry, sample labeling, or signal detection [12, 13] .
Whilst the copy number per cell of individual miRNAs varies widely, the typical copy number is~500 copies/cell [14] . In human plasma, miRNAs are present at concentrations of 10 3 -10 5 copies/μL [15] . Consequently, the detection and quantification of miRNAs in purified total RNA is possible without the need for prior enzymatic amplification [16] . For microarray analysis of miRNAs in a biological sample, fluorescently labeling the miRNA for subsequent hybridization to capture probes on the array is the most common strategy. Labeling of miRNAs can be achieved via enzymatic or direct chemical labeling means. Whilst current mainstream commercial miRNA microarrays are all label-based, labeling is time consuming (1-2 h), expensive, and can introduce bias [17] .
One strategy employed to overcome the shortcomings of sample labeling prior to analysis is through the use of direct detection methods. Examples include electrochemical [18, 19] , surface plasmon resonance (SPR) [20] , surface enhanced Raman spectroscopy (SERS) [21] , nanopore- [22] , and nanowire- [23, 24] based detection methods. Some of these methods have been demonstrated to be extremely sensitive and capable of detecting miRNAs at attomolar concentrations. However, they typically require sophisticated instrumentation, which is not amenable to high level multiplexing.
Another label-free strategy is through the use of a prelabeled secondary probe in a sandwich hybridization approach. This method is based on the detection of hybridization events between two specific oligonucleotide probes and the target nucleic acid. A two-probe approach is inherently more specific than using a single capture probe to detect a labeled target RNA. Furthermore, by varying the length of the capture probe relative to the detector probe enables the design of T mnormalized probe sets for genome-wide expression profiling, the major drawback of all DNA-based oligonucleotide array platforms. Several variations of the sandwich assay have been applied to the detection of miRNAs [25] [26] [27] . By taking advantage of coaxial stacking effects, this two-probe approach has been shown to result in similar hybridization efficiencies as full length capture probes [25] .
In this work, we investigate the effects of capture probe spacer length, probe density, and agitation of the hybridization reaction on the detection of miRNAs in a simple sandwich assay using a Cy5-labeled reporter probe. We chose five miRNAs that are associated with breast cancer (miR-16, miR-195, miR-451, miR-145, and miR-21) to exemplify the method [28] [29] [30] . We show that by using this approach, miRNAs can be specifically detected in quantities as low as 100 ng of purified total RNA.
Materials and methods
All oligonucleotides (probes, reporters, and synthetic miRNAs) were purchased from Integrated DNA Technologies (IDT, Coralville, IA, USA) and are detailed in the Electronic Supplementary Material (ESM , Table S1 ). Total RNA, Universal miRNA Reference Kit (Cat # 750700), was purchased from Agilent Technologies, Cheshire, UK. This RNA is composed of total RNA from nine human tissues or cell lines specifically selected and formulated for optimal miRNA representation.
Probe design
Reporter probes were designed with the aid of IDT's Oligoanalyzer 3.1 tool (http://eu.idtdna.com/calc/analyzer). The Cy5-labeled reporter probes were designed to have a T m of approximately 35°C ([Na+] = 300 mM).
Probe spacer length and density optimization
Amino modified oligonucleotide probes containing C6, C12 linkers and oligo d(T) 3, 6, or 12 base spacers were evaluated. The probes were diluted in 3x SSC and dispensed at concentrations of 5, 10, 15, 20, and 25 μM.
Array fabrication
Amino modified oligonucleotide probes were diluted in 3x SSC and printed on epoxy silane functionalized glass slides (Nexterion Slide E; Shott Technical Glass, Jena, Germany). Slides were printed using a non-contact piezo electric microarray printer (S3; Scienion AG, Berlin, Germany) equipped with a 90 μm capillary (PDC-90) at 50% humidity. Each probe was printed in triplicate and each array spot was generated by applying two drops of the oligo solution to the array. The center to center distance between spots was 400 μm and each spot was typically 150 μm in diameter. Following printing, slides were processed according to the manufacturer's protocol and stored at room temperature in a desiccator until experimentally interrogated.
Hybridization conditions
A pre-hybridization step was performed prior to adding the hybridization mixture to the array. The pre-hybridization step consisted of an off-chip solution-phase hybridization reaction to enable the reporter probe to hybridize with its target miRNA and was performed at 30°C for 20 min. The hybridization reaction (30 μL) consisted of target RNA, 2X SSC, and 0.5% SDS and reporter probe(s) at a concentration of 1 μM.
Prior to hybridization, the slides were washed and blocked with Nexterion Block E (Shott Technical Glass, Jena, Germany) according to the manufacturer's protocol. The arrays were encapsulated in SecureSeal hybridization chambers (SA16S-0.5; Grace Bio-Labs) and then preheated to 30°C by placing on the heat block for 10 min prior to hybridization. Following the solution-phase hybridization step, the mixture was added to the array via a port in the hybridization chamber, sealed using SecureSeal adhesive, and hybridized for 1 h at 30°C using a slide heating block (Thermomixer Comfort; Eppendorf, Germany) with mixing at a speed of 1000 rpm.
Following hybridization, the secure seal was carefully removed and the slide was sequentially washed by immersion in 60 mL Coplin staining jars, as follows: 2× SSC, 0.5% SDS for 10 min at 30°C, followed by 2× SSC for 10 min at RT, and 0.2× SSC at RT for 10 min. Microarray slides were dried by centrifugation and stored in the dark until scanned. Arrays were scanned in both the Cy3 and Cy5 channels at a resolution of 5 μm using a microarray scanner (ScanArray Express HT, Perkin Elmer). The resulting images were overlaid and spots identified by the ScanArray Express program (Perkin Elmer). Spot quality was measured by the signal-to-background method with parameters; lower limit (200) and multiplier (2) .
Reverse transcriptase quantitative PCR
For each miRNA, 10 ng of total RNA (Universal miRNA Reference Kit, Cat # 750700; Agilent Technologies) was reverse transcribed using specific primers and the TaqMan reverse transcription kit (Life Technologies, Paisley, UK) and according to the manufacturer's instructions. Subsequently, the cDNA was analyzed by qPCR using specific TaqMan probes (Life Technologies) according to the manufacturer's instructions. PCR reactions were carried out on a LightCycler 480 real-time PCR instrument (Roche Diagnostics). Ten-fold serial dilutions of each synthetic miRNA were used to generate standard curves and subsequently used to determine the absolute copy number of each miRNA. All qPCR reactions were performed in triplicate.
Results and discussion

Assay design
Given that miRNAs are very short, obtaining assay specificity is often a challenge, especially between closely related miRNAs [31, 32] . Using a two-probe sandwich assay approach, both sensitivity, e.g., through reducing background, and specificity (two hybridization events required for detection) can be enhanced [33] . Furthermore, having the two probes hybridize adjacent to each other facilitates stabilization of the duplex as a result of proximal base stacking [34, 35] . Here, we applied the concept of proximal base staking to the detection of miRNAs. In a twostep approach, Cy5-labeled reporter probes were first hybridized to their respective miRNA(s) for 20 min. After this initial solution-phase hybridization, the mixture was added to the preheated array and subsequently hybridized for a further 1 h. Following washing, the array was scanned and the generated fluorescence data analyzed (Fig. 1) . The two-step protocol, where the reporter probe is present in vast excess, ensures that near 100% of target miRNAs are hybridized to their respective reporter probe prior to being added to the array. Arata and colleagues reported higher hybridization signals when the reporter was pre-hybridized to its target miRNA prior to being added onto an array compared to when the reporter is added posthybridization [25] . We also preheated the microarray prior to adding the reporter-miRNA mixture as this has previously been shown to significantly increase the hybridization efficiency [36] .
Spacer effects
For effective hybridization of nucleic acid targets to solidphase immobilized probes, both the use of spacers and the density of the probe on the surface are important considerations. Spacers help alleviate steric constraints that prevent the target nucleic acid from accessing the probe [37] . Furthermore, the composition and length of the spacer can also have a significant impact on yield. We investigated what effect increasing the length of the spacer had on hybridization yield, using miR16 as the model miRNA (Fig. 2) . Probes containing either a C6 or a C12 spacer in combination with oligo d(T) (0, 3, 6, or 12 bases) were evaluated. Increasing the length of the spacer resulted in increased signal. Replacing the C6 spacer with a C12 spacer was shown to result in a doubling of the hybridization yield. Increasing the length of the spacer through the addition of oligo d(T) bases resulted in a steady increase in signal where the probe containing the C12 spacer and 12-base oligo d(T) resulted in an order of magnitude increase in hybridization yield over that obtained with the C6 spacer on its own. Subsequently, all surface immobilized probes contained a C12 and a 12T spacer.
Probe density and agitation
The density of immobilized DNA probes has been shown to strongly affect the efficiency of duplex formation and the kinetics of target capture, where low densities typically yield the highest hybridization efficiencies. At low probe densities, where stearic hindrance is minimized and accessibility is maximized, very high hybridization efficiencies and Langmuirlike binding kinetics are enabled. Conversely, at high probe densities, surface hybridization is suppressed [38] . The effect of surface probe density and agitation of the array during hybridization was also investigated (Fig. 3) . The probe containing the C12, 12T spacer was printed on the array surface at concentrations of 5-25 μM and hybridized with miR-16 for 1 h with and without agitation.
In the absence of agitation, the density of the probe on the surface was shown to have only a minor effect on hybridization signal. We observed an increase in signal up to the point at which the probe was spotted at a concentration of 10 μM. At concentrations of 15, 20, and 25 μM there was no observed increase in signal. Sobek et al. reported that increasing the concentration beyond 10 μM does not result in a higher number of immobilized oligonucleotides [39] . The probes were immobilized by dispensing two drops onto the epoxysilane surface using a PDC-90 nozzle. According to the manufacturer (Scienion), typical drop volumes are 440-520 pL per drop. Assuming a drop volume of 500 pL, a total of between 3 × 10 9 (5 μM) and 1.5 × 10 10 (25 μM) probe molecules were dispensed to form each array feature. Given that each spot was approximately 150 μm in diameter or 1.77 × 10 -4 cm 2 in area, and the number of epoxy functional groups on the Nexterion E slide was~4.5 × 10 12 groups/cm 2 or 8 × 10 8 groups/150 μm spot [40] , the probe was delivered at~4-to 20-fold excess concentration.
Nucleic acid microarrays involve hybridization of mobile target molecules from bulk solution with immobilized complementary capture elements to form duplexes. The rate of duplex formation is dependent on the rate of transport of strands in solution to the corresponding spot on the surface, and the rate of the hybridization reaction. In static systems, the rate of transport of target nucleic acid sequences from bulk solution to its corresponding complementary probe is primarily governed by diffusion. Zhdanov calculated the diffusion coefficient of a miRNA in water to be 10 −6 cm 2 s −1 [41] . Using the approximation equation for diffusion time (t ≈ X 2 /2D) where t is time, X is the mean distance traveled by the diffusing solute in one direction, and D is the diffusion coefficient, under static conditions, a miRNA molecule will diffuse approximately 0.8 mm per h in one direction. Thus, in the absence of mixing, hybridization times in excess of 12 h are necessary in order for the reactions to reach Fig. 1 Schematic of the analysis process. In a two-step protocol, the target miRNA(s) is hybridized to its respective reporter probe in a solution phase reaction for 20 min (a). The target-reporter hybrid(s) are then added to the microarray and allowed to hybridize for 1 h. Both hybridization steps were performed at 30°C. Following washing, to remove nonspecifically bound miRNAs, the array is scanned for the presence of fluorescence (b) Fig. 2 The effect of spacer composition on signal intensity. Hybridization signal obtained from hybridizing miR-16 to an array containing probes with differing spacer lengths. Error bars represent the SD of 6 spots equilibrium. Active mixing of the liquid-phase target samples has been shown to decrease the amount of time needed to reach equilibrium and to increase sensitivity [42, 43] .
We observed that agitating the array during hybridization resulted in approximately a 2-to 3-fold increase in signal when the captureprobe wasdispensed at concentrationsof15,20, and 25μM. At lower probe densities, there wasno significantincrease in signal as a result of agitation. It is likely that at lower densities, a higher percentage of probes can participate in hybridization, whereasathigher densities, with the aid of mixing, stearic effects that typically reduce hybridization kinetics and efficiency are overcome [36] .
Analytical sensitivity
To measure the limit of detection (LOD) of the sandwich assay approach, we conducted the hybridization using a diluted equimolar mixture of two synthetic miRNAs (miR-16 and miR-195). The concentration series varied from 200 pM down to 1 pM. Figure 4 shows that as little as 1 pM (corresponding to 30 amol) target miRNA can be detected. The signal was linear over the range of 1 pM to 100 pM, having coefficients of determination ( R 2 ) of 0.99 for both miRNAs, indicating that measuring miRNAs using this method could be made with a high degree of confidence over this range. In a similar assay scheme, Arata et al. reported a LOD of 620 pM for miR-21 in a reaction volume of 20 μL in 20 min [25] . They further improved the sensitivity of their assay to 0.5 pM by adopting dendritic amplification of the signal [44] . Similarly, it is likely that the sensitivity of our assay could be increased by using signal amplifiers such as nanoparticles in combination with biotinylated reporter probes. Duan et al. in their stackinghybridized universal tag (SHUT) assay were able to detect miRNAs at a concentration of 20 fM, albeit after a 16 h hybridization reaction [26] .
Assay specificity
The specificity of the sandwich assay protocol was investigated by hybridizing individual miRNAs to the array in the presence of all reporter probes. When miR-16 was hybridized to the array there was less than 1% cross-reactivity with any of the other capture probes, including that for miR-195 (Fig. 5) . miR-16 and miR-195 differ from one another by three bases, where miR-16 contains an additional 3′ guanine and by two bases at the center of the miRNA. Similar results were obtained when we performed the same experiment using miR-195, miR-451, miR-145, or miR-21 as targets (data not shown). By taking advantage of proximal base stacking, we are able to use the same reporter probe to detect both miR-16 and miR-195, and use the surface-bound probe to obtain specificity. Typically, the 3′ end of a miRNA shows the greatest heterogeneity [45] . For this reason, in our assay, the surface immobilized capture probe was designed to hybridize with the 3′ end of the miRNA. Reporter probes were designed to have as close as possible the same T m , thereby enabling the user to control specificity by adjusting the length of the Fig. 4 Analytical sensitivity of the sandwich assay. The data were fitted using a power function model and the corresponding R 2 are indicated. All probes contained the C12, 12T spacer and were printed at a concentration of 20 μM. Error bars represent the SD of 6 spots Fig. 3 The effect of probe density and agitation of the microarray on signal intensity. Hybridization signal obtained from hybridizing miR-16 to an array where the probes were printed at different concentrations. Reactions were performed with and without agitation. Error bars represent the SD of 6 spots The T m of the surface bound capture probes varied between 39.8 and 55°C. Even though both the pre-hybridization and array hybridization steps were performed at 30°C, the assay was highly specific. Whilst not encountered in this work, detection specificity can be problematic when using microarraybased platforms to profile miRNAs, particularly when trying to discriminate closely related miRNAs, such as members of the let-7 family [46] . As demonstrated by Duan et al., increasing the array hybridization temperature above the T m of the reporter is a solution to increasing specificity, without compromising sensitivity afforded by base stacking [26] . Thus, the sandwich assay presented in this work facilitates the manipulation of the array hybridization temperature to obtain specificity without loss of sensitivity.
Analysis of total RNA
The expression levels of individual miRNAs have been correlated with the onset and development of many different human diseases, making them potentially useful diagnostic and prognostic biomarkers. miRNAs are present in plasma and serum and in a variety of other body fluids in stable form [15, 47] . As a result, there is currently a great deal of interest in their use as noninvasive biomarkers for diagnosis and prognosis of various pathological conditions. Currently, RT-PCR, sequencing, and microarray technologies are the most commonly used approaches for miRNA expression analysis. RT-PCR and sequencing are expensive. Microarray platforms are a relatively inexpensive method of profiling miRNAs. However, microarrays suffer from the need to label (and very often amplify) target analytes and lengthy (>18 h) hybridization protocols.
Consequently, we sought to investigate whether the sandwich assay could be applied to the analysis of microRNAs from total RNA. We used commercially sourced total RNA as it has been well characterized on a number of different platforms [31] . First, we quantified four miRNAs known to be dysregulated in breast cancer and miR-16, which has been suggested as an appropriate control for normalization purposes [28] [29] [30] using RT-qPCR ( Table 1 ). The copy number varied between 9.48 × 10 5 (miR-195) to 8.19 × 10 7 (miR-451) molecules/10 ng of total RNA (Table 1) .
For the sandwich assay, varying quantities (1, 0.5, 0.25, and 0.1,μg) of total RNA was interrogated (Fig. 6 ). All miRNAs were detected at all input quantities with the detected signal level for each individual miRNA falling as the input amount decreased from 1 to 0.1 μg. A linear regression line plotted between the signal intensities obtained for each miRNA over the four input RNA quantities resulted in coefficients of determination (R 2 ) of between 0.8896 and 0.9784 (Table 1 ). The microarray data correlated well with our RTqPCR data, where the highest copy number miRNA (miR-451) as measured by RT-qPCR gave the highest signal on our array. This trend was observed for all the miRNAs we analyzed, where the signal obtained directly correlated to the miRNA copy number. Additionally, the corresponding change in array signal as a result of change in input RNA quantity suggests that the sandwich assay has potential as a miRNA profiling technique. The absolute copy number of various miRNAs in 10 ng Universal miRNA Reference (Agilent Technologies) as determined by RT-qPCR and the mean fluorescence intensity values for each miRNA obtained from hybridising 1 μg of Universal miRNA Reference to the array. Also shown are the R 2 values calculated from the linear regression line plotting microarray signal intensity against RNA input quantities for each miRNA Fig. 6 Detection of individual miRNAs in varying quantities of total RNA. BBlank^indicates spots that were arrayed with print buffer (3x SSC) only. Error bars represent the SD of six spots
Conclusions
We have developed a sandwich assay protocol for the amplification-free detection of miRNAs. We have shown that through careful probe design and the use of proximal base stacking, total RNA can be analyzed for the presence of specific miRNAs in as little as 2 h. This protocol has significant potential as a rapid method of profiling miRNAs in biological samples.
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